We have carried out optical spectroscopy with the Anglo-Australian Telescope for 24,726 objects surrounding a sample of 19 Giant Radio Galaxies (GRGs) selected to have redshifts in the range 0.05 to 0.15 and projected linear sizes from 0.8 to 3.2 Mpc. Such radio galaxies are ideal candidates to study the Warm-Hot Intergalactic Medium (WHIM) because their radio lobes extend beyond the ISM and halos of their host galaxies, and into the tenuous IGM. We were able to measure redshifts for 9,076 galaxies. Radio imaging of each GRG, including high-sensitivity, wideband radio observations from the Australia Telescope Compact Array for 12 GRGs and host optical spectra (presented in a previous paper, Malarecki et al. 2013) , is used in conjunction with the surrounding galaxy redshifts to trace large-scale structure.
INTRODUCTION
Giant radio galaxy lobes expand into the intergalactic medium, well beyond the confines of the host galaxy and its thermal halo. As such, they are ideal probes of the Warm-Hot Intergalactic Medium (WHIM), the tenuous 10 5 to 10 7 K gas permeating large-scale structures in which these galaxies reside. Big-bang nucleosynthesis theory predicts more baryons than are seen, suggesting that the WHIM harbours most not yet accounted for by observations (e.g. Shull, Smith & Danforth 2012) . Giant radio galaxies (GRGs) are therefore ideal objects to investigate the ambient medium and the missing baryons by virtue of their large physical extent ( 0.7 Mpc). The morphology of their radio lobes may be influenced by their proximity to large-scale structures, such as the filaments in which the WHIM gas is thought to be found, interacting via ram pressure, buoyancy or gravitational effects. The distribution of the IGM follows that of galaxies and so these large-scale structures may be traced by the local galaxy distribution and the properties ⋆ E-mail: jurek.malarecki@icrar.org of the WHIM gas inferred by studying the giant lobes in dynamic equilibrium with the IGM.
We have embarked on a large program to probe the baryon content of the WHIM using 19 GRGs (Malarecki et al. 2013, hereafter Paper I) . This follows earlier work on two individual sources: MSH 05-22 (B0503-286; Subrahmanyan et al. 2008 ) and MRC B0319-454 (Safouris et al. 2009) . A major part of our study is spectroscopy of field galaxies within a degree (∼6 Mpc) of the GRG hosts. These give redshift distances and allow us to relate the local galaxy distribution with the growth and morphology of the extended radio structure. The interaction between the large-scale structure WHIM and the GRGs can be used to derive the properties of the WHIM gas (e.g. Subrahmanyan et al. 2008 ), which we present in a companion paper (Malarecki et al., in prep.; hereafter Paper III) .
In this paper we present clustering and density measures using 10,316 optically selected galaxies surrounding the 19 GRGs. We use this data set to show a relationship between the radio morphologies of the GRGs and the anisotropy in the surrounding galaxy distribution. The paper is laid out as follows: in §2 we describe the spectroscopic observations, and outline the data reduction and redshift determination. In §3 we describe estimation of galaxy stellar masses for galaxies in the neighbourhood of GRGs as well as the methods used to quantify overdensity and anisotropy in those regions. In §4 we present the results of a Fourier component analysis of the GRG environments and also provide the projected galaxy distribution around each GRG. Finally, in §5 we discuss our results and explore the population properties of the sample of GRGs. We adopt a flat cosmology with parameters Ωm = 0.27, ΩΛ = 0.73 and a Hubble constant of H0 = 71 km s −1 Mpc −1 .
TARGET SELECTION, OBSERVATIONS AND REDUCTION
The full radio-selected input sample consists of 19 giant radio galaxies. The sources were selected from a number of complete radio source surveys on the basis of size and proximity (Jones & McAdam 1992; Subrahmanyan et al. 1996; Saripalli et al. 2005; Subrahmanyan et al. 2010) . In particular, projected linear sizes exceed 700 kpc and host galaxy redshifts are less than 0.15, permitting spectroscopic observations of the surrounding galaxies. Paper I contains further details of the radio sample and the optical spectra of their hosts. Table 1 lists the radio properties of the sample, including a measure of asymmetry between the longer and shorter lobes. We define radio lobe length as the distance between the host and the emission peak in each lobe using the highest resolution, 2.1 GHz wideband, ATCA radio map, where available. The criterion for asymmetry is when the ratio between the lengths of the longer lobe and shorter lobe exceeds 1.3. The emission peaks largely represent the termination points of the jets and indicate the extent to which the lobes have reached in their growth. With this choice of lobe-extent measurement however, for some sources (J0034-6639, J0400-8456, B0511-305 and J0843-7007) prominent but faint lobe regions beyond the emission peaks were excluded. In relating the galaxy distribution around the GRGs and the radio structures, we have given due attention to the presence and location of these faint lobe emission regions (see Section 4.2). We obtained optical spectroscopic redshifts for 24,726 objects, including 9,076 galaxies, in fields around 17 GRGs using the 2dF/AAOmega spectrograph on the Anglo-Australian Telescope (AAT) between 2010 and 2013. For the additional case study GRGs, B0319-454 and B0503-286, we used the data of Safouris et al. (2009) and Subrahmanyan et al. (2008) , respectively. 2dF/AAOmega is a multi-fibre spectrograph delivering up to 392 simultaneous spectra across a 2
• -diameter field (Sharp et al. 2006) . Our spectra employ the lowest spectral resolution mode of AAOmega (R = λ/∆λ = 1300) with 580V and 385R lines mm −1 gratings used in the respective blue and red arms. The spectra cover 400-900 nm with a spectral dispersion of 0.1-0.16 nm pix −1 . A 570 nm dichroic was used throughout the observing campaign with the exception of a set of observations in 2011 for which a 670 nm dichroic was used. Table 2 summarizes the spectroscopic observations and Table 3 gives properties as well as details of the measurements for the 19 GRG optical fields.
Field galaxy targets were selected from the bJ SuperCOSMOS catalogue (Hambly et al. 2001a,b) within a 1
• radius of each GRG host. The brightest stars (bJ < 17) flagged by SuperCOSMOS were filtered out but everything fainter than this was included. The remaining objects were cut in apparent magnitude to produce subsets comprising 600 to 700 objects per field at increasingly fainter apparent magnitude. Of these, 350 to 390 were allocated fibres along Table 1 . GRG sample properties including longer lobe PA and length, and lobe length ratio. PA are measured over the range [-180, 180] . For sources with non-collinear lobes, a pair of angles representing the average radio axis are provided in parentheses after the longer lobe PA. Sources are considered asymmetric if the lobe length ratio exceeds 1.30.
Source
Longer with 6 to 8 guide stars and 30 sky positions, all of which were chosen to distribute the fibres as uniformly as possible across the field. Unobserved targets were rolled into subsequent configurations. Guide stars and sky fibre locations were manually inspected to exclude cases of contamination and multiple objects. Some of the GRGs lie at low Galactic latitude (|b| < 15 • ), resulting in significant Galactic stellar contamination. We removed some of these stars through a colour cut (bJ − rF < 1.8) to exclude the bluest contaminants.
The targets in all fields were selected as uniformly as possible across each 2
• -diameter field. In fields with bright saturating stars, the same bright star masks applied by SuperCOSMOS have been applied here. This saturation prevents SuperCOSMOS from finding faint adjacent objects in the vicinity of these bright stars. We account for this masking in the analysis described in the following sections.
Observations for each configuration included flat field and arc calibration frames. Each GRG field had several configurations. The raw spectral data was reduced with the software package 2DFDR (version 5.35) using the standard default options, with the red and blue halves being reduced separately and spliced together at the end. Several of the 2011 fields included master bias and master dark frames for reduction of the blue half-spectrum. A Cu-Ar-Ne arc lamp was used for wavelength calibration throughout.
To determine redshifts we used the program RUNZ (modified from the original version developed by W. Sutherland). It displays each science spectrum and assigns a redshift based on the bestfitting cross-correlation and Gaussian fit to emission line features. The user evaluates the correctness of these redshifts and assigns a value classifying its reliability: Q = 6 for stars, 4 for reliable extragalactic spectra, 3 for acceptable redshifts and 1 for unreliable spectra, (see e.g. Jones et al. 2009 ). Typical redshifts of z ∼ 0.16 were found for those fields selected down to bJ ∼ 19.9. Stellar contamination rates varied from 13.7 per cent to 85.1 per cent. Redshifts derived from this procedure typically have an error of 60 km s −1 for high signal-to-noise sources and ∼100 km s −1 for lower quality spectra (e.g. Driver et al. 2011) . These are conservative estimates based on similar spectroscopic observations by the GAMA survey with the AAT/AAOmega using fainter galaxies.
Unambiguous identification of the GRG with a clear optical counterpart was possible in all cases but two. The sources B1308-441 and B1545-321 each have two optical components close to the central region of the respective GRG, at similar redshifts. For B1308-441, SuperCOSMOS assigned two positions for one object and so we designated the candidate three magnitudes brighter as the host optical galaxy. In the case of B1545-321, one object was located at a slightly more central position in agreement with the previously accepted host while the other had features consistent with a spiral galaxy.
We supplemented our observations with redshifts from all available redshift catalogues including the 6dF Galaxy Survey (6dFGS; Jones et al. 2009 ) and the 2MASS Redshift Survey (2MRS; Huchra et al. 2012) . The Millennium Galaxy Catalogue (MGCz; Driver et al. 2005 ) and GAMA survey (Driver et al. 2009 ) regions do not coincide with any of our fields. We also applied the automated redshift algorithm AUTOZ (Baldry et al. 2014) to verify our redshift catalogues for any misclassifications.
Our final redshift catalogues were inspected for intersecting fibre positions and we excluded duplicate observations attributed to spurious input catalogue targets. The best available photometry was used for objects with multiple overlapping positions from SuperCOSMOS.
In summary, 9,076 galaxy redshifts are newly observed by us, 486 are from Safouris et al. (2009) , 323 are from Subrahmanyan et al. (2008) , 412 are from 6dFGS and 19 are from 2MRS giving a total of 10,316 galaxies.
ANALYSIS

Galaxy distributions in the GRG fields
The redshifts derived for galaxies in the 2
• fields surrounding each GRG have been used to create plots of the projected galaxy distribution about the radio structure. For most fields, redshift completeness within 0.8
• approaches 100 per cent and so only galaxies within a 0.8
• radius of the field centre have been considered due to a ∼10 to 20 per cent drop in completeness at the field edges. Completeness in this context is the fraction of spectroscopically confirmed objects (both stars and galaxies) with respect to potentially observable targets. Fig. 1 shows the density of unobserved Super-COSMOS objects with apparent bJ magnitudes less than 19.0 for the 17 fields we observed, divided into annular rings. Fig. 2 to 20 show radio-optical overlays of each GRG field, with field galaxies (|∆z| 0.003 represented as + signs) overlaid on the radio contour map of the GRG (to scale). The location of the host optical galaxy is also shown. To gauge the quality and depth to which each volume was sampled we computed the completeness as a function of both radius and apparent magnitude, presented in panels (c) and (d) respectively. The field galaxy completeness in GRG fields at low Galactic latitude (|b| 30
• ) is lower due to the preponderance of bright stars that mask regions of the SuperCOSMOS field. Also, for the most part, the innermost regions of these GRG fields ( 1 Mpc) are unaffected. Additional completeness plots are provided in Appendix A showing distributions of bJ apparent magnitude for all SuperCOSMOS targets, observed objects and galaxies with redshifts in each field. Inset plots show radial completeness with respect to the field centre for all fields. Appendix A is available online in a supplementary document.
Galaxy stellar masses
We have estimated the stellar masses of all galaxies in our sample en route to deriving the stellar mass density of the local en- vironment. This is used to characterise the galaxy distribution in relation to the orientation of the GRG radio axes. Stellar masses are determined from g-band luminosities (Mg) and the corresponding M/L ratio, derived from the (g − r) calibration of Bell et al. (2003 , Table 7 ) adopting M⊙,g = 5.15. We converted existing bJ and rF SuperCOSMOS photometry to g and r using relations given in De Propris et al. (2004) .
Overdensities
Our observations of the optical fields surrounding the GRGs allow us to determine the density of the regions in which they grow as well as how the galaxies in their neighbourhood are distributed and related to the radio structures. Galaxies have a distribution of optical luminosities; in order to measure environmental richness, our observations need to probe the lower end of the galaxy luminosity distribution. For each of the GRGs we have estimated the average galaxy number density and luminosity density for a given minimum luminosity by assuming the luminosity function of Jones et al. (2006) . The minimum luminosity is determined from the limiting apparent magnitude of each field, applying a k-correction appropriate to the redshift of the source. The galaxy number and luminosity density for each field is computed using cylindrical volumes centred on the host galaxy, applying a faint absolute magnitude limit of −19.49 mag. Galaxy number and luminosity overdensities are determined using these density values and a corresponding average for the Universe. In particular, the average galaxy number density down to limiting luminosity L is given by
where we have used h = 0.71, φ
and α = −1.21 as given in Jones et al. (2006) . The corresponding average galaxy luminosity density is given by
Stellar mass overdensity is determined from the stellar mass density in volumes around each host and the average stellar mass density for the Universe. The latter is estimated with the g-band stellar mass function of Bell et al. (2003) . We apply the limiting bJ apparent magnitude for a given field to the galaxies found in the volume enclosing the host galaxy. Also, a lower stellar mass limit is applied to both densities, which is computed using the limiting bJ apparent magnitude for the given field and an estimated rF value assuming an average Sab galaxy b − r colour of 1.34 from Table  3 (e) in Fukugita et al. (1995) .
Fourier Components
The Fourier Component analysis technique detailed here is the method we use to quantify anisotropy in the galaxy distribution surrounding each GRG host (e.g. Thorat et al. 2013) . We define five parameters that between them represent galaxy overdensities within large regions surrounding the GRG hosts in locations relative to the GRG structure. The Fourier components a k are given by
where n is the number of galaxies excluding the host, wi is a weight factor, f k (θi) are Fourier terms equal to 1, sin(θi), cos(θi), sin(2θi), and cos(2θi) for k = 1, 2, 3, 4 and 5, respectively, andᾱ1 is a normalisation factor applied to each Fourier component term. The angles θi between the longer lobe vector (here defined as 0 • ) and the vector made by each surrounding galaxy with the host (as projected on the plane of the sky) are measured clockwise from 0 to −180
• and anticlockwise from 0 to +180
• . The normalisation factorᾱ1 is equal to the mean of the numerator of equation (4), with k = 1, for volumes (equal in size to that centred at the host) placed randomly in the surrounding 2
• field. In Fig. 21 we present a visual representation of the sectors corresponding to each Fourier component parameter. The a1 parameter represents the average overdensity in the field, while the a2 to a5 parameters provide a way to quantify the dipole and quadrupole angular distribution of objects surrounding the host. For a nonuniform distribution of galaxies around the radio source, these parameters have non-zero values and the sign of each parameter indicates the direction of the overdensity with respect to the longer lobe. Specifically, the a2 parameter provides a measure of the density difference between the two sides of the radio axis, and the sign of a2 indicates which side is overdense. The a3 parameter is a measure of the overdensity along the radio axis and a positive sign indicates an overdensity on the longer side, whereas a negative a3 value corresponds to an overdensity on the shorter side. The a4 and a5 parameters measure the quadrupole anisotropy in the galaxy density distribution about the longer radio lobe axis. A positive a4 value corresponds to an overdensity at angles (to the radio axis) of 45
• and 225
• , whereas a negative a4 value corresponds to an overdensity along 135
• and 315
• . A positive a5 term indicates that there is an overdensity along the longer lobe axis compared to a negative a5 value indicating an overdensity orthogonal to this radio axis.
We consider only galaxies within cylindrical volumes of radius R and length 2ℓ around each host galaxy. Hence, equation (4) becomes
where f k (θi, r, l) is equal to 0 for objects with offsets from the centre of the given cylinder either projected on the sky with r > R or offset orthogonal to the plane of the sky with l > ℓ. Error estimates are computed for each dipole and quadrupole Fourier component parameter using Jackknife resampling of the galaxies in the volume surrounding the host. The Jackknife method consists of removing a galaxy, re-computing each a k parameter, replacing the galaxy and repeating these steps for each galaxy found in the cylinder. The error for each Fourier component is then given by the Jackknife standard error for the respective set of re-computed a k values. The standard deviation of the corresponding Fourier components computed for a set of 'reference volumes' randomly placed in the surrounding field is instead used as the error of the monopole parameter a1 and for the other parameters if there are fewer than three galaxies detected in the host volume. These error terms are also normalised by the factorᾱ1. The reference volumes are cylinders, equal in size to the host volume, placed throughout the field with the aim of filling the surrounding three-dimensional region without intersection. Each reference volume is centred on a dummy GRG host with a position determined by first randomly selecting an angle from 0 to 360
• . A displacement r from the field centre on the plane of the sky is taken from the interval r 2 ∼ 0, (0.8 • − R) 2 to avoid bias towards small radii, where 0.8
• is the completeness boundary (see Section 3.1) and R is the radius of the given reference volume. The largest physical radius is 3 Mpc (included for the extreme case of J0331-7710), whereas 2-Mpc radii are sufficient for the remaining sources. For B0503-286 and B0511-305 the host galaxies lies within 2 Mpc of the 0.8
• completeness boundary, due to an offset in host position from each AAT/AAOmega field centre, and so in these two cases the host volume extends beyond the 0.8
• threshold. Finally, a random offset in redshift within ±0.02 from the host is applied. Also, it is necessary to vary the random configuration of reference volumes should the denominatorᾱ1 equal zero for a sparsely sampled field. However, it is not possible to compute Fourier components in cases where no other objects are detected in the volume enclosing the host; such GRGs would be considered isolated with respect to objects above the limiting apparent magnitude for which the field has been sampled.
We introduce a sixth Fourier component parameter a0 that provides a measure of overdensity of each host volume with respect to the mean of the surrounding regions of all fields given by
where a * 1 is the numerator of equation (5) for k = 1, i.e. the number of galaxies in the volume surrounding a given GRG host galaxy;
a1 j ; and N is the number of randomly placed reference volumes in the given set of fields. The quantities a * 1 and a1 j are normalised by the volumes of the cylindrical regions for which they are computed. This a0 parameter permits comparison of the local environments of each GRG, whereas the a1 parameter represents the relative density of a host volume compared to the rest of the given field.
As a test of the effect of stellar contamination on the derived Fourier component values, we constructed uniform random distributions about each host galaxy and noted any change in the Fourier component values when introducing the masks from the SuperCOSMOS input catalogues attributed to bright stars. We find that the masks in general have negligible effect on the significance of the Fourier component results, except those of a2 and a3 (the dipole moments) in the cases of the two most heavily masked fields, B0707-359 and B1545-321.
RESULTS
Our multi-object spectroscopic observations of GRG fields are analysed in two ways. In one approach we use the Fourier components that we computed for each GRG field and in the other we use the overlays of GRG radio images and the projected optical galaxy distribution. Table 4 lists galaxy numbers and densities in the regions around each GRG host galaxy, and Table 5 provides the corresponding number, luminosity and stellar mass overdensities. These quantities have errors due to redshift measurement uncertainties and peculiar velocities of individual galaxies; however in most cases these are dominated by Poisson errors, which are given as error estimates in both tables. In Table 6 we present the results of our Fourier Component analysis (see Section 3.4 for details). The five parameters calculated for each GRG field, which quantify the surrounding galaxy distribution in terms of dipole and quadrupole moments, are presented together with their respective errors. In the second method we give overlays of the radio maps and respective optical fields that show the distribution of galaxies within a certain redshift range of the host redshift.
The Fourier component analysis method has been carried out using cylindrical volumes with |∆z| 0.003, where ∆z is the redshift difference between a neighbouring galaxy and the GRG host. This corresponds to ∼2 correlation lengths and is the median extent in the redshift distributions about the host for which the number of galaxies approaches zero. This redshift range corresponds to physically large distances (±11.8 to ±12.5 Mpc) but is similar to that used in the previous two case studies, B0503-286 (Subrahmanyan et al. 2008 ) and B0319-454 (Safouris et al. 2009) , and allows for a complete picture to be discerned for any galaxy concentrations seen in the neighbourhood of the GRG host. The extent of these cylinders encloses the majority of galaxies with redshifts about the host. The corresponding velocity offset of ±900 km s −1 is greater than the velocity dispersion expected for the GRG host optical galaxies in group environments (as compared to clusters, e.g. Ruel et al. 2014) . Appendix B, available online in a supplementary document, presents redshift distributions about each GRG host redshift.
The observations we present in this paper are focused on studying the surrounding WHIM gas environment in which the GRGs are expected to form and evolve. The underlying presumption is that galaxy concentrations also indicate the presence of gas. A point to note is that, given the physically large sizes of GRGs, the host galaxy environment is not necessarily the same as the environment into which the lobes grow. The median projected linear size of the GRG sample is ∼1 Mpc. The Fourier component analysis is based on volumes (typically cylinders of 4-Mpc diameter) surrounding the giant radio sources on scales that encompass their immediate environment. The 2
• regions observed with the AAT/AAOmega, discussed with respect to the radio-optical overlays, are on the order of 10 Mpc in diameter. The previous two case studies have been able to clearly relate the GRG morphologies with the galaxy distribution on Mpc scales. Our sample study presented here is an opportunity to examine the influences of ambient medium on formation, growth and evolution of GRGs, and their morphologies.
In the course of our study, we assessed the robustness of the results we obtained by considering the extent of stellar contamination, completeness of the data and uniformity over the 2
• -diameter field. As can be seen from panels (c) and (d) in Fig. 2 to 20, the data are highly complete within a radius of 0.8
• centred on the GRG host. For J0843-7007 and B1302-325, where the completeness levels are more affected, it is still only down to ∼ 70 per cent at the far edges of the region. Within 2 Mpc of the GRG host, most fields are nearly 100 per cent complete. As mentioned, data used for B0503-286 and B0319-454 were obtained by Subrahmanyan et al. (2008) and Safouris et al. (2009) and do not share the same observational set up as the rest in the sample. Only one GRG, B0707-359, is severely affected by stellar contamination due to its low Galactic latitude and as a result we do not include it in our analysis of the results. Separately, B0703-451 has been excluded from analysis and discussion pending unambiguous identification of the host galaxy.
Environmental characteristics of the GRG population
Overdensities
In Table 4 the mean galaxy number density is 0.07 Mpc −3 for a radius of 1 Mpc. On average this is typical for the density in groups and poor clusters, and a factor of 10 less dense than galaxy clusters (Bahcall 1999) . The number overdensities corresponding to the field luminosity function, shown in Table 5 , are in the range 6 to 299 with a mean of 73. The corresponding mean luminosity and stellar mass overdensities are 46 and 14, respectively. There is no clear difference between the asymmetric and symmetric GRGs. However, there is considerable variation (a factor of ∼50) in the overdensities indicating that GRGs are found in a range of overdense environments.
In Fig. 22 we show the distribution of galaxy number densities for cylindrical volumes of 24-Mpc length and 2-Mpc radius centred on each GRG host. This is overlaid on a corresponding distribution for 1.4 × 10 4 equally sized volumes centred on Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009 ) galaxies with absolute magnitudes within 0.5 mag of the median GRG host absolute Bband magnitude of −21.4 mag. We apply a faint absolute magnitude threshold of −19.49 mag to all GRG and SDSS volumes in order to permit comparison of the galaxy number densities without bias due to varying observational completeness between fields. This limit corresponds to the brightest limiting absolute magnitude for the set of 14 GRGs fields displayed. We exclude the three most poorly sampled GRG fields (J0746-5702, J0843-7007 and B1302-325), which do not reach this completeness limit, in addition to the two previously mentioned fields B0703-451 and B0707-359. The SDSS sample has a mean (median) galaxy number density of 0.012 (0.010) Mpc −3 and the overlaid sample of 14 GRGs has a mean (median) galaxy number density of 0.031 (0.026) Mpc −3 , a factor of ∼3 higher. We compare these samples using the nonparametric Kolmogorov-Smirnov test and find that they are not derived from a common distribution at a 95 per cent level of confidence (p-value = 4.6 × 10 −4 ). The average galaxy number density Table 4 . The number of galaxies (N) and the corresponding galaxy number density (n; Mpc −3 ) within cylindrical volumes containing the host with 1, 2 and 3-Mpc radii, and 24-Mpc length along the line of sight. A faint absolute magnitude threshold of −19.49 mag was applied to avoid bias towards better sampled fields and required the exclusion of the three most poorly sampled fields (J0746-5702, J0843-7007 and B1302-325). Galaxies are weighted to account for the observational completeness of SuperCOSMOS objects at the corresponding apparent magnitude. Error estimates are given in parentheses beside each number density (∆n; ×10 −3 Mpc −3 ). for all GRGs in our sample, of 0.03 Mpc −3 as already noted, is similar to the densities in groups and poor clusters (Bahcall 1999) . Table 6 presents the Fourier component parameters computed for the individual GRG fields. The GRGs are divided into two groups based on lobe length ratio. Eight GRGs in our sample are in the asymmetric group (Table 1) , for which lobes in one direction have grown at least 30 per cent more than those in the opposite direction, and the rest form the symmetric GRGs group. For each group, and for the whole sample, we also list 'stacked' Fourier components which are derived from the co-added fields after aligning to an average redshift of 0.1 and rotating such that the longer lobe radio axis lies at PA = 0
Fourier component analysis
• . For reasons given above, regarding uncertainty in the host and low Galactic latitude respectively, we exclude two GRGs B0703-451 and B0707-359 from our discussion. Stacked parameters are listed for an apparent bJ magnitude-limited sample, as well as for an absolute magnitude-limited sample. The latter prevents bias towards fields with lower redshift GRGs and bettersampled fields with fainter limiting magnitudes. However, adopting this limit also further reduces the sample size and significantly reduces the total number of galaxies in the stacked field analysis. As Table 5 . Measurements of galaxy number, luminosity and stellar mass overdensity in the environments of the GRG sample from cylindrical volumes of 3-Mpc radius and 24-Mpc length (unless otherwise noted) centred on the GRG host. The dimensionless quantities listed here are a measure of the overdensity of each field with respect to an estimated average density for the Universe. The b J luminosity function of Jones et al. (2006) was used to estimate the average number and luminosity densities. The g-band stellar mass function of Bell et al. (2003) was used to determine the corresponding average stellar mass density. The integration limits for both functions are based on the limiting b J apparent magnitude of the respective field. The GRGs B0703-451 and B0707-359 are excluded due to uncertainty in the host redshift and problems with observational completeness due to low Galactic latitude, respectively. Error estimates are given for each quantity.
Source
Number Luminosity Stellar mass overdensity overdensity overdensity (a) Asymmetric radio lobes
J0034-6639
62 ± 12 38 ± 7 9 ± 2 J0400-8456 30 ± 8 19 ± 5 6 ± 4 J0459-528 106 ± 15 67 ± 10 8 ± 2 J0515-8100 16 ± 6 10 ± 4 3 ± 1 J0746-5702 10 ± 5 6 ± 3 1 ± 1 J0843-7007 7 ± 4 4 ± 2 9 ± 9 B1302-325 30 ± 9 18 ± 6 23 ± 10 B1545-321 16 ± 6 9 ± 4 1 ± 1 J2018-556 94 ± 14 59 ± 9 2 ± 1 J2159-7219 68 ± 12 43 ± 8 8 ± 2 B2356-611 190 ± 20 121 ± 13 94 ± 15
Overall mean 73 ± 3 46 ± 2 14 ± 2 a Using a 2-Mpc radius to ensure that the volume does not extend beyond the boundaries of the observationally complete region.
in Section 4.1.1, a threshold of −19.49 mag is used. Three fields with limiting absolute magnitudes brighter than this threshold were excluded (J0746-5702, J0843-7007, and B1302-325). We also investigated stellar mass-weighting of galaxies to avoid bias towards better-sampled fields. However, we find a faint absolute magnitude limit accounts for this bias sufficiently without introducing additional uncertainties. Tables of stellar mass-weighted Fourier component results are presented in Appendix C for comparison (available online in a supplementary document). In Table 6 , the a1 parameters, representing the density ratio around GRG hosts compared with the mean of the rest of the field surrounding that GRG, are high for 9 of the 17 GRGs, suggesting that there is clustering of galaxies in the vicinity of the GRG hosts. The overall mean of ∼10 is lower than the overdensities calculated in Table 5 , implying that the fields beyond the cylinder enclosing the GRGs are themselves overdense.
Two individual dipole a2 parameters (density gradient perpendicular to the radio axis) are significant but the stacked values are not significant. Similarly, the overall stacked dipole a3 parameter (density gradient parallel with the radio axis) is not significant. However, for the asymmetric sources, we find that the majority of the sources have a negative a3 dipole parameter. One individual source (B0503-286) is strongly negative, and the stacked value, compiled from 207 galaxies, is significant at the 2.3σ level. The negative sign of a3 implies an increased overdensity on the side of the shorter lobes compared to longer lobes. That is, the jets appear to have grown to shorter extents on the side of larger galaxy overdensity. In the case of the asymmetric GRG, B0319-454, which does not have a negative a3, the galaxies on the longer lobe side are widely dispersed and the jet appears to have taken a path devoid of galaxies (see Section 4.2 for additional notes on this GRG). Additionally for this GRG, several bright galaxies have not been catalogued on the shorter lobe side (see Section 4.2). Local environments over scales of few hundred kpc, to which the Fourier component method may not be sensitive, may also play a more influential role in impeding jet propagation as in the case of B1308-441 (see Section 4.2).
Some of the individual quadrupole a4 and a5 parameters in Table 6 are also significant. The stacked values for a4 in particular are significant, though of opposite signs for the two groups. For the asymmetric-GRG subset, the highly significant negative component suggests an overdensity at angles to the radio axis of 135
• (see Section 5.3 for a separate discussion). For symmetric GRGs, the positive a4 value shows that the galaxy overdensities are along 45
• position angle. For the latter group, the a4 value (as with a3) is dominated by the galaxy distribution surrounding GRG B2356-611. The stacked quadrupole a5 values, which measure galaxy overdensity orthogonal to the GRG lobes, are not as significant. Fig. 23 shows plots of Fourier component values for a stacked field, comprising the fields from entry (c) in Table 6 , for cylinders of various radii and indicates that sensitivity decreases with increasing radius.
Environments of GRG subsets
In Table 7 , we compute Fourier components for several sets of stacked fields grouped according to GRG properties. As before, we use a faint absolute magnitude limit of −19.49 mag and 2-Mpc radius reference volumes. Each stacked field is constructed by coadding the constituent fields as described in Section 3.4. It was necessary to invert certain fields east-west (as indicated in the Table 7 footnotes) for sources with non-collinear components (categories d, e and f ) to align radio structures offset from the central axis.
The significant a1 parameters for all stacked categories indicate that the host volumes for the respective categories of GRGs are more densely populated than the rest of the region in the fields. In the case of sources grouped according to evidence of restarted nuclear activity, see entries (a) to (c) in Table 7 , there is no clear correlation between the environment and restarted nuclear activity. The dipole and quadrupole parameters are marginally significant at best without any discernible pattern.
The fields associated with GRGs exhibiting offset radio components were combined as a stacked field of 8 GRGs, listed in Table 7 as entry (d). Four of these fields (J0400-8456, B0503-286, B0511-305 and B2356-611) were inverted about PA = 0
• such that their offset radio components were aligned along a common axis around PA ∼ 45
• . The significant negative a4 value reflects a distribution of galaxies spanning the stacked field along PA ∼ 135
• orthogonal to the offset components. Fig. 24 Table 6 . Fourier components and estimates of their errors for the complete sample of giant radio galaxies. Optical galaxies detected in cylindrical volumes of 2-Mpc radius (unless otherwise noted) are given equal weighting. A redshift range of |∆z| 0.003 is used to define the extent of the cylindrical volume surrounding the host galaxy. The corresponding physical length is determined using the Hubble constant at the given host galaxy redshift and this length is used for all reference volumes placed throughout the field. Only galaxies brighter than the limiting magnitude for each field are included in the Fourier component analysis. Entries for stacked fields denoted 'Abs. mag. lim.' as well as all a 0 parameters are computed with a faint absolute magnitude limit of −19.49 mag applied. The number of observed galaxies within the host volume and all reference volumes are also listed. Measurements that are significant at the 3σ level appear in bold typeface. Error estimates for a 2 to a 5 are computed using Jackknife resampling of galaxies in the host volume (see Section 3.4 for details).
Number Notes -a using 3-Mpc radius cylinders; b using 1-Mpc radius cylinders; c the host galaxy of B0703-451 is in doubt -we assume the redshift of the optical galaxy at the GRG centroid (z = 0.1242) for the individual field Fourier component values but exclude it from the stacked fields; d no galaxies were detected in the host volume and so Fourier component values could not be computed; e excluding B0703-451, B0707-359; f a faint absolute magnitude threshold of M B = −19.49 was applied to all constituent fields; g the three most poorly sampled GRG fields (J0746-5702, J0843-7007 and B1302-325) were excluded as their observational completeness did not reach the faint absolute magnitude limit.
represents the significant, negative a4 Fourier component for the first subset of these non-collinear sources consisting GRGs with an extension on one side of the radio axis and no detected counterpart (see entry e in Table 7 ). In Fig. 25 where we present the other subset comprising GRGs with non-collinear lobes (entry f in Table 7), which were combined in the same way, the shorter lobes are aligned with PA ∼ 225
• and the significant negative a4 parameter indicates that this is in a direction orthogonal to an overdensity along PA ∼ 135
• .
Limitations
We note that limitations with the Fourier component method (due to the use of a fixed cylindrical region of radius 2 Mpc) can affect the individually estimated Fourier component parameters for the galaxy overdensity. This is discussed for each GRG in Section 4.2, where we present notes on each field. GRG fields J0116-473, B0503-286, B0511-305, B1302-325 and J2159-7219 are cases where either the imposed radial limit of 2 Mpc, over which the parameters have been computed, excludes the bulk of the galaxy filament (e.g. J2159-7219 and in the sparse fields of J0116-473 and B1302-325) or has incorporated well-separated and distinct galaxy concentrations and thereby offsets the effect of the galaxy distribution in the host vicinity (e.g. B0511-305, also see the notes on this GRG). In the case of B0503-286 there is a strong asymmetry in the galaxy distribution about the host, particularly in the form of a strong clustering of galaxies seen to the NE of the northern lobe at a distance of ∼500 kpc from the lobe. This results in a large neg- Table 7 . Fourier component values for co-added optical fields surrounding giant radio galaxies grouped according to morphology, including varying evidence of restarted nuclear activity, extended radio components and non-collinear lobes. The stacked fields are centred on the respective GRG host galaxy, aligned longer lobe to north and fields indicated with † are inverted east-west to align offset radio components. Optical galaxies detected in cylindrical volumes of 2-Mpc radius are given equal weighting. A redshift range of |∆z| 0.003 is used to define the extent of the cylinder surrounding the stacked field host galaxy with a redshift of 0.1 (the mean GRG host optical galaxy redshift). The corresponding physical length is used for all reference volumes placed throughout the field. The stacked fields are restricted to galaxies brighter than an absolute magnitude of M B = −19.49 mag to address differences in observational completeness between fields. We exclude the fields J0746-5702, J0843-7007 and B1302-325 with limiting magnitudes brighter than this absolute magnitude limit, as well as B0703-451 due to uncertainty in the host ID and B0707-359 due to excess masking of bright stars at low Galactic latitude. Measurements that are significant at the 3σ level appear in bold typeface. ative a3 parameter but also a positive a5 parameter. For this GRG, the jets having formed in a particular position angle (almost northsouth) are affected by the asymmetric galaxy distribution where the northern jet extends to just half the extent of the southern jet.
Notes on individual sources
We now consider individual GRGs and attempt to understand the relation between galaxy distribution and GRG structure. Our comprehensive optical spectroscopic data is presented in Fig. 2 to 20 as radio-optical overlays in addition to completeness plots for 0.8
• radial regions. The Fourier component analysis complements these representations by highlighting anisotropy in the galaxy distribution within 2-Mpc radii around each host as projected on the plane of the sky. The following radio-optical overlays feature projected distributions of galaxies within ±0.003 of each host redshift (indicated by plus symbols). These distributions vary in the number of galaxy members from rich distributions, such as the field of B1308-441, to those consisting of few members, such as J0116-473. In some cases the distributions resemble large galaxy filaments (e.g. B1308-441, J2018-556) and in others the galaxy distributions are more localized to the vicinity of the GRG hosts (e.g. B0511-305, B2356-611). In most of these cases the GRGs are oriented nearly orthogonal or at large angles to the galaxy distributions. (Fig. 2) The GRG lobes appear to have evolved into local voids. In the 2-Mpc radial region surrounding this symmetric GRG, there appears to be a bi-conical region across the radio axis within which all the galaxies are located. Within the 1-Mpc radius circle it is even more pronounced; the four galaxies with redshift offsets of |∆z| 0.003 from the host are distributed largely perpendicular to the radio axis. In Table 6 , the negative a5 value strongly reflects this division in the galaxy overdensity and that the GRG lobe position angles avoid populated regions about the radio axis.
J0034-6639
J0116-473 (Fig. 3)
This asymmetric GRG host lies in a sparse environment. There are only three galaxies within the 2-Mpc radius circle about the host galaxy. Over a larger region about the host, within a radius of 4-5 Mpc, more galaxies are seen with redshifts in the |∆z| 0.003 range. Once again these galaxies avoid a wide conical region about the GRG radio axis. The GRG lobes appear to have expanded into regions that avoid these galaxies. (Fig. 4) The galaxy redshift data used in this case is that obtained by Safouris et al. (2009) . The authors had reported an increased concentration of galaxies (0.0022 < ∆z < 0.0038) located on the side of the shorter NE bright lobe in contrast to the sparser environment in which the longer SW lobe is located (see Fig. 9 , Safouris et al. 2009 ). The host galaxy, clearly seen to be surrounded by galaxies, was inferred to belong to a galaxy group and the prospect of higher gas concentration associated with the group was reasoned to account for the shorter extent and higher brightness of the NE lobe as compared to the SW lobe.
B0319-454
On examining the SuperCOSMOS data we find several bright galaxies, particularly those in the vicinity of bright stars, have not been catalogued and so were not observed. There are as many as 6 on the side of the NE lobe, (with 4 of them located within the lobe) and 5 on the SW lobe side well removed from any radio emission. The jet on the NE side appears to have run into a larger concentration of galaxies in its path than the jet on the SW side. If we take these bright galaxies into consideration the conclusion arrived at by Safouris et al. (2009) The following symbols are used to represent optical objects in this plot and all subsequent radio-optical overlay plots. Plus symbols represent galaxies within ±0.003 of the host redshift, in this case z = 0.1102. Multiple galaxies within 10 arcsec of each other are also marked with a green cross. Redshift-confirmed galaxies outside of this redshift range are marked with cyan triangles and magenta dots to indicate foreground and background galaxies, respectively. Objects with b J photographic apparent magnitudes brighter than 19.0 that were not observed due to time constraints are indicated by open violet circles (hexagons if more than 1 mag fainter than the host). The GRG host is marked with an orange diamond. The contours displayed in all radio-optical overlay plots represent the low-resolution, wideband, total intensity ATCA radio image of the given GRG at 2.1 GHz with a symmetric beam of FWHM 48 arcsec, unless otherwise noted. Here the contours represent (6, 12, 24, 48, and 96 Table 6 , the a3 value does not reflect the correlation however and may be affected by the missed galaxies (also we have used galaxies with |∆z| 0.003 instead, which excludes the galaxy to the extreme NE tip of the lobe). Moreover the Fourier components have all been calculated for a region of 2-Mpc radius around the host galaxy and it appears that environment more local to the host (over 600-700 kpc distance) has a greater influence than the environment on a 2-Mpc radius region.
J0331-7710 (Fig. 5)
This highly asymmetric GRG is in a very sparse region. There are only two other galaxies, within |∆z| 0.003 of the host redshift, in a region of radius 3 Mpc about the host. Both these galaxies are to the north of the northern lobe, which is characterized by much shorter extent and much brighter flux as compared to the southern lobe. The strongly significant, negative a3 parameter reflects the location of the neighbouring galaxies on the side of the shorter lobe. Similarly, the positive a5 parameter may be attributed to these few neighbours. The data on this source appears inadequate to reveal the cause of the severe asymmetry on the basis of galaxy distribution around the GRG. With the shorter lobe also being the brighter as expected if gas associated with a richer galaxy environment were confining the lobe, it would be interesting to investigate whether deeper observations may reveal a larger galaxy concentration on the side of the shorter lobe.
J0400-8456 (Fig. 6)
A striking characteristic of this GRG is the non-collinearity of its radio structure. The curved inner structure leading up to the hotspots (the high resolution image 4(b) in Paper I shows this more clearly) and billowing lobes thereafter are strongly suggestive of a Wide-Angle Tail-like structure. However, the two lobe features are at nearly orthogonal orientations with respect to the local axis and extend out in opposing directions. Although its rather symmetric twin-jet (Saripalli et al. 2005) as well as symmetric twin-hotspot structure may suggest that this GRG lies in the plane of the sky, the deflected NW and SE lobes hint at either a rapid rotation of the beam axis or opposing environmental effects at play at large distances from the host galaxy. Whatever the scenario the two lobes are sampling environment far from the host galaxy where environmental effects may be stronger.
The field within 2 Mpc of the GRG is quite sparse. A band of galaxies exists to the south (at ∼2-3 Mpc from the host) at a position angle of 120
• . In the same position angle another stream exists to the north but it weakens in the vicinity of the GRG host (both streams are seen more clearly when the redshift range is increased to ±0.015). While the northern stream has almost all galaxies with positive ∆z, both streams have predominantly positive ∆z with relatively high values (>0.003 and hence only marked as magenta dots) to the west. To the NE are two galaxies with |∆z| 0.003 at a distance of about 500 kpc from the northern lobe. The southern stream flows past the host galaxy where there is a group of 8 galaxies with |∆z| 0.003 (Fig. 6a ) at a separation of 1.5-2 Mpc to the south of the southern lobe with negative as well as a few positive ∆z values. The locations (although less so the distances) of the galaxies suggest influence of the environment on the radio galaxy lobes. The GRG appears to have formed in a region that is relatively sparse and clearly avoids the dense parts galaxy streams. A galaxy only few arcsec to the SE of the host could not be observed due to its close proximity. This is reflected in the dip in the radial completeness plot shown in Fig. 6(c) . None of the Fourier component parameters shows a significant value for this GRG. (Fig. 7 ) Fig. 7(a) clearly shows a swathe of galaxies forming a band in a NW-SE direction of which the host is a member. This GRG appears to have grown in a direction that avoids this band of galaxies, which is reflected in the a5 parameter at 2.2σ. (Fig. 8) The galaxy redshift data used in this field is that obtained by Subrahmanyan et al. (2008) . These authors studied the environment of this GRG is some detail and showed a strong link between the radio source asymmetries and variation in the galaxy distribution around the GRG. The a3 parameter we calculate clearly reflects the correlation between the lobe extent asymmetry and the difference in the galaxy distribution on the two sides of the radio source (Fig. 8b) . Although the host is in a group it is in a relatively sparse environment except for the prominent concentration of galaxies more than 1 Mpc to the NE (in Table 6 , this source has the greatest a1 value among the GRGs). The positive a5 parameter reflects this north-south distribution of galaxies, which is relatively close to the radio axis position angle. Given the strong north-south asymmetry in the galaxy distribution about the host, the jet on the sparse southern side has grown to a larger extent than on the opposite northern side.
J0459-528
B0503-286
B0511-305 (Fig. 9)
Our observations of this field have missed 12 SuperCOSMOS targets within the 2-Mpc region with magnitudes between 16.7 and 19.0 due to their proximity to one another. This is seen in Fig. 9 (c) as a drop at 30 arcsec in the fraction of SuperCOSMOS targets observed. However, within the 1-Mpc radius region there is 100 per cent completeness. Close to the host is seen a band of galaxies stretching nearly 800 kpc from NW to SE. The GRG radio axis is nearly perpendicular to this galaxy chain. If we turn our attention to the targets within the larger 2-Mpc region, there appear to be two separate galaxy condensations in a north-south direction: a group of 5 galaxies to the south and a group of 10 galaxies at the centre (including the host). We do not know if they are related as a galaxy filament. If these galaxy concentrations form a filament, the GRG appears to have grown nearly along the filament although the northern lobe is oriented away. With the clear orthogonality however between the GRG axis and the chain of 8 galaxies -closer to the host in velocity space than the pair just to the north -it may also be that GRG growth is guided more by the local distribution of galaxies.
This GRG is an example of a restarted AGN where its southern lobe, which has a bright hotspot at its end, is embedded in diffuse synchrotron plasma. Such a feature surrounding the northern lobe is absent. A possible explanation may lie in the galaxy group to the south, which is only 500 kpc south of the southern lobe. The intra-group gas associated with these galaxies may provide an ambient medium that 'preserves' the lobe, preventing it from expanding and hence from suffering substantial losses due to adiabatic expansion. The asymmetry in the lobe lengths (where the southern hotspot is significantly closer than the northern hotspot) may also be related to the group to the south. We note here that the host galaxy has a prominent feature that stretches nearly 150 kpc to the west and turning south at the end. (Fig. 10) This rather symmetric GRG is in a very sparse field. A fainter, (a) Distribution of galaxies around J0459-528; a 20 arcmin angular scale corresponds to a linear size of 2.10 Mpc. Plus symbols represent galaxies within ±0.003 of the host redshift at z = 0.0957. Radio contours are shown at (6, 12, 24, 48, 96, 192, and 384 close companion to the east of the host is seen, earlier studied by Subrahmanyan et al. (2006) to be in close interaction with the GRG host. There is only one other galaxy (1.6 Mpc to the south) in a region of 2-Mpc radius around the host. It is interesting to note the orientation of the GRG jets that are nearly orthogonally to the line formed by the host and its companion. (Fig. 11) This source suffers from a problem of host galaxy identification. As of yet we are not certain of the host galaxy, whether it is the relatively bright galaxy at the GRG centroid or the fainter object located at the centre of the western peak component. We nevertheless observed the field. The observations are suitable to observe galaxies in the redshift range of the brighter host candidate. Fig. 12) This source has the lowest absolute Galactic latitude of any GRG in the sample (b = −12.3
J0515-8100
B0703-451
B0707-359 (
• ) and consequently the surrounding field has significant stellar contamination. The field is heavily masked due to bright stars, including a mask encapsulating the entirety of the radio structure and the region to the NE. Our observations of the GRG field were constrained by the limited reliable SuperCOSMOS data available for this source. There are no galaxies detected within a redshift offset of |∆z| 0.003 from the host and so this GRG appears to reside in a very sparse region.
J0746-5702 (Fig. 13)
This GRG is in a sparse environment and one of the most isolated GRGs in the sample. Several SuperCOSMOS targets have remained unobserved, however these are well outside the 3-Mpc radius circle. The field is fairly well sampled within the 2-Mpc radius region surrounding the host. In this region, the only two galaxies in the |∆z| 0.003 range are along a position angle perpendicular to the GRG axis. This is reflected in the negative a5 parameter. This GRG is in a sparse environment as indicated by its low galaxy number overdensity compared to the other GRG fields (see Table 5 ). Although the field suffers from incompleteness (Fig. 14d) , with several SuperCOSMOS targets in the magnitude range 18-18.5 unobserved, the 1-Mpc radius region is 100 per cent complete and in this region there are only two galaxies with a redshift offset of |∆z| 0.003 about the host. (Fig. 15 ) This GRG has relatively low observational completeness (see Table 3 ), which is seen in Fig. 15(c) . However, most of the unobserved objects are on the peripheries of the field. The region within 2-Mpc radius has 100 per cent completeness. From the overlay in Fig. 15(a) we see that this GRG is in a sparse region. Within the 2-Mpc radius region surrounding the host there are only 5 galaxies in the redshift range of |∆z| 0.003 about the host redshift. There is a hint of a string of galaxies mostly to the east of the host and out to a distance of at least 4 Mpc (including the galaxy at the NE tip of the GRG), which lie in a position angle nearly orthogonal to the radio galaxy axis. Although the negative sign of the a5 parameter suggests such a galaxy distribution, the significance is affected due to the sparseness of the field within the 2-Mpc region for which the parameter is computed. (Fig. 16) A broad, ∼2-Mpc wide NE-SW galaxy filament is seen across the field. The GRG host galaxy is situated close to the centre. A concentration of galaxies is seen close to the host within a few hundred kpc. This group of galaxies is spread along the same direction as the larger filament. The GRG jets appear to have grown in a direction nearly orthogonal to the filament. This is reflected in the a5 parameter, although only at low significance. The significant a4 value reflects that this is a source with non-collinear lobes. Once again, local environments in the vicinity of the host galaxy may have a greater influence on the advance of the jets, which in the case of B1308-441 have a direction nearly orthogonal to the ∼500-kpc extent galaxy chain of which the host is a member. The rather high asymmetry in lobe extents may also be related to the local galaxy distribution, where there is a higher galaxy concentration on the shorter, SE side as compared to the longer, NW side. The a0 parameter has the highest value among all GRGs indicating its environment as being the most dense among all GRGs in our sample. Fig. 17) Despite masking of the input SuperCOSMOS catalogue due to bright stars to the NW of the host (Fig. 17a) , the GRG likely resides in a relatively sparse region of the sky. The remaining 2-Mpc radial region is relatively unaffected by stellar contamination but appears devoid of galaxies with only 3 others seen with redshift offsets from the host of |∆z| 0.003. Fig. 18) In Fig. 18(b) a rather sparse field is seen within the 2-Mpc radius region with the exception of a 500-kpc wide, linear distribution of galaxies to the west extending just beyond the GRG host. On a larger scale (Fig. 18a ) a few groups of galaxies are seen to the east at a distance of more than 2 Mpc from the host, spread nearly north-south over a large region nearly 3 Mpc in extent. The GRG is in a fairly dense region of galaxies although these are clearly not uniformly distributed. The GRG jets appear to have grown into sparse regions nearly orthogonal to the linear distribution of galaxies. The a5 parameter, although indicating this with its negative sign, has a large error. The galaxy distribution seen predominantly on one side, west of the host galaxy, is reflected by the negative a2 parameter. (Fig. 19) In the 2-Mpc radial region surrounding the host there appear to be several galaxies in the vicinity of the GRG host. If we look at a larger region (Fig. 19a) , up to more than 3 Mpc out, a rich concentration of galaxies (more than 2 Mpc wide) is seen to the NE. It is not clear if the galaxies in the vicinity of the host form a continuum with this rich group to the NE but it is interesting to note the near orthogonality of the GRG radio axis with respect to it. This is not reflected in the a5 parameter, which is calculated only for a region of 2-Mpc radius.
J0843
B1302-325
B1308-441
B1545-321 (
J2018-556 (
J2159-7219
Within the 1-Mpc region the two galaxies with the smallest redshift offsets relative to the host (|∆z| 0.0005) are seen to the east, which also form an axis with the host at a position angle nearly orthogonal to the GRG radio axis. There are two other galaxies with even smaller redshift offsets that lie along the same orthogonal position angle further to the SW of the GRG host. Interestingly, there appears to be a band of galaxies all with redshift offsets in this narrow range including these four galaxies, the host, one more to the NW of the host (at ∼1 Mpc) and 8 galaxies in the concentration to the NE (at a distance of 2-3 Mpc), (6, 12, 24, 48, 96, and 192 (6, 12, 24, 48, 96, and 192 which all lie along a position angle nearly orthogonal to the GRG radio axis. (Fig. 20 ) Fig. 20(a) shows a large-scale view of the field surrounding this GRG. Galaxies lie in a larger concentration to the north and east of the host galaxy, forming a linear feature nearly 1.5 Mpc wide and more than 3 Mpc long. This is reflected in the positive a2 parameter. From this feature a string of galaxies is seen extending towards the GRG host over a linear extent of ∼600 kpc and orthogonal to the GRG radio axis. The GRG appears to have grown into local void regions orthogonal to the galaxy chain. Although the a5 parameter reflects this in its negative sign the errors are once again large. Interestingly, the few-hundred kpc radio lobe feature seen to the west of the host is extended in a direction orthogonal to the galaxy concentration surrounding the GRG, which is reflected in the highly significant a4 value. This may indicate higher gas pressure and density in the region of the galaxy concentration that causes the radio lobe to extend away from it.
B2356-611
In summary, for the individual sources, the correlations between GRG morphology and large-scale structure agree with the Fourier component analysis. In a number of the radio-optical overlays, the GRG lobes are seen extending into local voids (e.g. J0034-6639, J0116-473, J0459-528, B2356-611) . In others, radio components are deflected away from concentrations of galaxies (e.g. B0503-286) or the expansion of one lobe is truncated compared to the other (e.g. B0319-454, J0331-7710, B0503-286, B0511-305) . Often neighbouring galaxies are seen perpendicular to the radio axis (e.g. J0515-8100, J0746-5702) and in several cases these form chains of galaxies across the radio axis (e.g. J0034-6639, B0319-454, B0511-305, B1308-441, B2356-611) . Hence, it appears that GRG jets often develop in directions perpendicular to the position angles at which nearby galaxies are found. Furthermore, the presence of galaxy concentrations in their path correspond with the GRG lobes becoming asymmetric due to radio components being deflected or limited in their expansion.
DISCUSSION
Growth to giant sizes
A longstanding puzzle has been the factors that may be responsible for the growth to extraordinary linear sizes of some radio-loud AGN. While it is recognized that GRGs rarely reside in rich cluster environments, little else could be inferred about their surroundings due to lack of detailed spectroscopic studies of the galaxy distributions around GRG hosts. Our spectroscopic observations of the fields surrounding 17 GRG hosts allow us to investigate, for the first time, the kind of environments these largest of radio galaxies occupy. From the radio-optical overlays as well as the Fourier component analysis for individual fields, it appears that while GRGs are often found in sparse regions, they may also be in the vicinity of or members of galaxy groups, chains, or larger-scale filaments. Remarkably, in the latter case, their jets almost invariably have grown in directions that often avoid galaxy concentrations. The GRG jets instead preferentially grow into void regions. The jets are seen to grow nearly orthogonal or at large angles to the galaxy neighbourhood. With the exception of the hosts of J0459-528 and B1308-441, in four out of seven GRGs where a galaxy filament is seen the host galaxy is located at the edge (B0503-286, J2018-556, J2159-7219, B2356-611) or is displaced from the filament (J0400-8456). Number of SDSS galaxies Figure 22 . Distributions of galaxy number density for cylindrical volumes centred on each GRG host and for equally sized volumes surrounding Sloan Digital Sky Survey (SDSS) galaxies with magnitudes within 0.5 of the GRG host median B-band absolute magnitude, −21.4 mag. Each cylinder is 2 Mpc in radius and 24 Mpc in length. Galaxy number density in the SDSS volumes varies from 0.003 to 0.123 Mpc −3 . We exclude the GRG fields J0746-5702, J0843-7007 and B1302-325 as their limiting magnitudes are brighter than the common absolute magnitude limit of −19.49 mag. Also, those centred on B0703-451 and B0707-359 are excluded due to uncertainty in the host galaxy and excess stellar contamination at low Galactic latitude (including masking of the region containing the host), respectively. Table 6 , listed as entry (c), excluding the smallest fields (B0319-454, B0503-286, B0511-305, B1308-441 and J2018-556). The black dashed line in the upper panel represents the a 1 values for the full set of stacked fields from entry (c) in Table 6 and so is limited to the completeness radius of the smallest field, B0511-305. A fixed number of reference volumes (3) is used for consistency.
This is partially consistent with active galaxies lying at the edge of overdense environments and increased clustering around radioloud AGN (e.g. Stockton 1986; Lietzen et al. 2009; Worpel et al. 2013) . We further explore the environments of the GRG hosts by examining the optical spectra of neighbouring galaxies and find that 63 per cent of those greater than 0.25 Mpc from the hosts have emission features whilst only 30 per cent of those within this radius exhibit emission features (see Fig. 26 ).
For a separate set of three northern-declination GRGs, NGC 6251, NGC 315 and 4C 73.08, a closer inspection of the surrounding optical fields (shown in figs 5, 5, 3 in Chen et al. 2011 Chen et al. , 2012a once again reveals compact galaxy chains and sheets (galaxies within ±0.002 of host redshifts) to which the hosts belong and again demonstrates an avoidance of these galaxy concentrations by the GRG jets. The three GRGs have axes that are at large angles to the galaxy distribution about their hosts. In NGC 315 it is even more striking with the GRG having grown nearly orthogonal to the large ∼25-Mpc Perseus-Pisces galaxy filament. The giant sizes of GRGs may therefore be attributed to the sparse environments in which their hosts reside or, in the case when the host is a member of a chain or filament of galaxies, to the fortuitous orientation of the jets that avoids galaxy concentrations.
It is likely therefore that when jets happen to be oriented such that they propagate into the galaxy concentrations (formed by the galaxy chains or filaments) the gas associated with the galaxy chains or filaments may be strongly impeding jet propagation. This resistance to jet growth appears to occur even when the chains or filaments contain relatively few members as in J0116-473, J0746-5702 and B1302-325. The effect of the environment is therefore seen even in sparse environments where the jets grow in directions that avoid the sparse galaxy chain or distribution about the host. Fig. 27 shows a plot of the projected linear size of each GRG and the galaxy number density in a 2-Mpc radius, 24-Mpc length cylindrical region about the host optical galaxy, which is similar to the cylinders used in the Fourier component analysis. It should be noted that a faint absolute magnitude limit of −19.49 mag is applied to all constituent fields to account for differences in observational completeness. A weak correlation is seen between the projected linear size of each GRG and the density of its immediate environment. In particular, no sources occupy the upper right quadrant of the plot. We note several extreme cases: J0331-7710, which is located in a sparse environment and has grown to the greatest projected linear size in the sample; while the hosts of J0459-528, B1308-441 and B2356-611 are in densely populated regions but to a lesser extent in the path of the jets and have still grown to giant sizes.
GRG orientations with respect to host galaxies and large-scale structure
In a study of relative orientations of radio axes and host galaxy axes, reported a strong tendency for GRGs to have radio axes that are at large angles to the major axes of their host elliptical galaxies. Separately, for the 3C sample, they reported that while FR-II radio galaxies have radio axes distributed over a wide range of angles with respect to their host major axes, there was a significant difference in the physical sizes of major-axis radio galaxies and minor-axis radio galaxies. Those with radio axes closer to the host minor axes were nearly twice as large. We have measured position angles of the major axes of 12 GRGs in our sample using the ELLIPSE task in IRAF . GRG projected linear size against galaxy number density in a cylindrical volume (2 Mpc in radius and 24 Mpc in length along the line of sight) centred on the host optical galaxy. A faint absolute B-band magnitude threshold of −19.49 mag is applied to all fields before computing the galaxy number density. The three fields with limiting magnitudes brighter than this absolute magnitude limit (J0746-5702, J0843-7007 and B1302-325) are excluded, as well as B0703-451 due to uncertainty in the host ID and B0707-359 due to excess masking of bright stars at low Galactic latitude. The dashed line represents the minimum projected length threshold for GRGs (0.7 Mpc).
359 has a radio axis within 35
• . We note that for B0511-305 the host is accompanied by a prominent east-west feature; the jets have an orientation nearly orthogonal to this feature. The remaining four GRGs (J0116-473, J0400-8456, J2018-556, B2356-611) have jets within close angles to the host major axes (interestingly these four are also the only GRGs with prominent off-axis lobe deviations). A similar tendency for minor axis growth among GRGs is shown by our GRG sample (no galaxies with minor-axis proximity are in common with the GRG sample of ; three of the four major-axis GRGs are common to the two samples).
GRGs may be said to have grown to giant linear sizes aided by environment (minor axis growth and avoiding galaxy chains and filaments) both local and large-scale. Their lobes can be further shaped by the large-scale galaxy distribution that also affects their relative extents.
In this study, we have examined galaxy distributions in narrow redshift slices over cylindrical regions of 2-Mpc radius and in many cases well beyond. We have reported relationships between the large-scale structure and GRG morphological properties, essentially between galaxy distributions in close redshift space of the GRG host, jet orientations, and the extent and morphologies of synchrotron-plasma lobes. This requires the probed environments to be permeated with gas with which the synchrotron jets and lobes interact. What is the nature of the galaxy environments we have probed on these length scales? For regions on scales of 2.5 Mpc (corresponding to the volumes considered for the Fourier component study), the RMS mass fluctuation in the local Universe is ∼1.8. Hence, these regions are on the average below the threshold for turnaround in linear theory. The mean overdensity of ∼70 surrounding GRGs is consistent with environments that are detached from the Hubble flow but non-virialized since virialization would be expected only at an overdensity of ∼178 (Silk et al. 2013 ).
The tendency for GRGs to grow at large angles with respect to their host major axes as well as galaxy chains or filaments to which their hosts belong suggests a correlation between the orientations of GRG host ellipticals (all being among the brightest in the vicinity) and large-scale galaxy distribution. This could simply imply that there is preferential growth of radio lobes associated with galaxies oriented in a favourable direction. However, correspondence between axes of bright elliptical galaxies and larger galaxy structures like groups, clusters, filaments and sheets or between galaxy clusters themselves (independent of richness) has been reported elsewhere (Binggeli 1982; Paz et al. 2011; Zhang et al. 2013, and references therein) . The alignments are found to be strongest for redder and more massive galaxies. The correlations have been found to extend to large scales of several tens of Mpc. Alignments are also reported between dark matter halos and the galaxy filaments and sheets (Hahn et al. 2007; Tempel & Libeskind 2013; Zhang et al. 2013) . Such large-scale alignments could arise from galaxy formation processes with gas flows along the filaments. Further study is required to resolve which process, alignment selection or large-scale spin alignment, dominates for GRGs.
The role of significant dipole and quadrupole moments in radio morphology
For GRGs grouped together purely on the basis of lobe noncollinearities or offset features, the only significant Fourier component parameter is a4 and its negative sign indicates overdensity along −45
• as opposed to +45
• (see Table 7 ). This indicates the lack of a dipole asymmetry in the surrounding galaxy distribution and only a quadrupole moment at angles of 135
• to the radio axis (as defined by the longer GRG lobe). Whether it is sources with non-collinear lobes or sources that are otherwise collinear but have offset extensions (e.g. B0319-454 or B2356-611), a4 is negative and highly significant. Asymmetries in sources, in terms of non-collinearity of the lobes and offset features, appear to be accompanied by asymmetries in the environment.
The fields in several GRGs have been rotated to align the longer lobe and inverted along this axis such that all GRGs in this subset have off-axis deviations in the same quadrant (see Section 4.1.3). It is therefore highly significant that the overdensity excess is found in quadrants along an axis orthogonal to the quadrants in which the off-axis features lie rather than along the +45
• and +225
• axis that shares the quadrants of the offsets. The observed orientation of lobes away from high density regions is consistent with a model in which synchrotron lobes are deflected away from high densities and down the gradient in density. GRGs grouped on the basis of collinear lobes (category g) instead show a sharply contrasting behaviour with only a 1.2σ and positive a4 parameter.
Considering symmetric galaxies as a control sample, for which the a3 parameter is found to have the opposite (positive) sign, we find that the distributions of asymmetric and symmetric GRGs differ significantly based on the relative proportions of positive and negative a3 parameters, which is consistent with the model where the lobe is shorter on the side with greater density due to ram pressure.
Besides the previously reported detailed case studies of the GRGs B0503-286 (Subrahmanyan et al. 2008 ) and B0319-454 (Safouris et al. 2009 ) there have been a few recent studies of the environments of some well known and nearby GRGs (NGC 6251, Chen et al. (2011) 
Previous work
The aim of our study has been to use GRGs to enable us to derive IGM properties. This, we argued, was possible only because the GRGs are among the largest of radio galaxies and their lobes sample a medium well outside of host corona or any group to which their hosts belong. In Paper I we presented radio maps and computed pressures in the diffuse parts of the GRG lobes. Comparing with the OWL simulations of Schaye et al. (2010) we placed limits on the IGM temperature and density in the vicinity of the GRG lobes. However to what galaxy environments do these IGM properties correspond? The IGM is known to be a multi-layered medium and its properties vary with distance from galaxy filaments. The IGM may therefore not be a uniform medium and its pressure and density can vary from location to location.
The mean galaxy overdensity we find (∼70; see Table 5 ), computed over a larger radius of 3 Mpc, is within the range of the particle overdensities (50-500) that we inferred in Paper I. Galaxy overdensities within smaller volumes, closer in size to the GRGs, are a factor of ∼2 higher (Table 4 ). As noted in our previous work, particle overdensities on this order correspond to a small fraction of the expected WHIM by mass and volume. However, these estimates provide an improved upper limit on the density of the WHIM compared to the higher densities inferred from X-ray observations of galaxy filaments.
SUMMARY
We have measured optical spectroscopic redshifts for 9,076 galaxies in fields surrounding a complete sample of 19 GRGs and have shown a correlation between the morphologies of these giant radio sources and their environments. In particular, overdensities in the galaxy distributions surrounding the GRGs, which reflect greater pressure and density in the ambient IGM, often correspond with asymmetries in lobe length or deflections of radio components.
Two complementary methods were used to study the GRG fields: (1) a Fourier component technique to quantify anisotropy in the surrounding field, limited to cylindrical volumes around each GRG; (2) a visual analysis of the individual fields using radiooptical overlays. Both methods independently show that the asymmetric radio components of GRGs have been influenced by their environments.
The major findings of this paper are as follows:
• The environments of GRGs have a mean galaxy number overdensity of ∼70 consistent with galaxy groups (using cylindrical volumes centred on each host with radius 3 Mpc and length 24 Mpc).
• GRG jets tend to form in directions orthogonal to galaxy distributions around the host, which can often be seen as a chain across the jet axis.
• Lobe length asymmetries can be attributed to greater galaxy density in the path of one jet compared to the other.
• Non-collinear radio components are deflected in directions orthogonal to the surrounding overdensity reflected by significant quadrupole moments.
We find a clear correlation between GRG growth and the environments in which they form. GRGs form in sparse environments or in galaxy concentrations where the jets and lobes evolve in directions away from (or even nearly orthogonal to) the surrounding galaxy distribution. The galaxy distribution therefore affects the GRG morphologies: the extent and the orientation are affected by higher galaxy densities. While not strongly shown by the Fourier component analysis, the noted evidence of shorter lobes being on the side of higher galaxy density supports the finding that a GRG's growth to large linear sizes is facilitated by reduced galaxy densities.
The Fourier component method we have described here for quantifying anisotropy in the fields surrounding the GRGs would benefit from additional observations to improve completeness across all fields to a fainter absolute magnitude and also extending the sample to include northern GRGs. These would help to better distinguish correlations with the environment for asymmetric and symmetric GRGs, and sources with evidence of restarted activity.
